Abstract-A high-dynamic-range vibration detection system is presented based on analog cancellation. The prototype system operates at 900 MHz and is shown to detect vibrational displacement as low as 11 nm for a rectangular aluminum plate at a standoff distance of 2 m. By operating at a lower frequency than previous radar vibrometers, the system gains ground-penetrating capability and is shown to detect vibrations through 13 cm of sand. A fundamental relationship is introduced relating the minimum detectable vibration displacement to the standoff distance and system dynamic range.
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I. INTRODUCTION
R ADIO frequency (RF) probing of vibrating objects provides a means of sensing that exploits acousto-electromagnetic (EM) interactions, allowing for non-contact, remote characterization. Using ground-penetrating radar (GPR), this technique can also be extended to characterization of buried objects. An acoustic or seismic wave may be used to induce vibrations on the remote object and interaction of the vibrating object with an incident EM wave creates a modulated reflected wave. Examples of sensing and imaging systems using vibratory sensing include landmine detection [1] , evaluation of structural integrity [2] , and medical imaging [2] . One of the challenges in remote RF probing is detecting the modulated reflected signal in the presence of the directly reflected carrier [3] . The power of the modulation sidebands can be much smaller than the reflected carrier signal with the usefulness of the GPR system dependent on the ability to resolve low level sidebands typically within ten to a few thousand hertz of the carrier frequency.
The highest performance non-contact techniques for measuring vibration are laser-based, however line-of-sight operation restricts their expanded use [4] . As an alternative, microwave Doppler radar systems have been presented [1] , [5] - [7] . These systems use phase demodulation of the Doppler-modulated reflected signal and function primarily as time-domain position sensors, with a measurement resolution of micrometers when operating at 20-40 GHz at 1-2 m standoff from the target [5] - [7] , but also as low as 1 nm when operating at 8 GHz a few centimeters from the target [1] . An alternative technique [8] exploits knowledge of the nonlinear modulation spectrum to reduce complexity but at a cost of significantly degraded measurement sensitivity. In this letter a new vibration detection system is presented combining nonlinear detection of the Doppler modulation spectrum with feedforward analog cancellation [9] to achieve very high measurement sensitivity, without the complexity of phase demodulation. Spectral characteristics of Doppler-induced modulation are reviewed in Section II-A. The architecture of the vibration detection system is discussed in Section II-B and theoretical performance limits derived in Section II-C. Measurements for a vibrating plate are given in Section III.
II. VIBRATION DETECTION

A. Doppler Modulation
The dominant nonlinear effect appearing in the reflected signal from a vibrating object is Doppler modulation. The common form of Doppler scattering can be derived from special relativity, with the reflected signal being a scaled and time-dilated version of the transmitted signal [10] . This reflected signal can be approximated as a wave with time-varying phase dependent on the position of the object, that is (1) where is the RF radian frequency, is the RF wavenumber, is the equation of motion of the object, and the RF signal amplitude is normalized to unity. For sinusoidal vibration, , the reflected signal may be expanded using the Jacobi-Anger expansion so that the Doppler-modulated amplitude spectrum is (2) where is the vibration radian frequency, is the RF wavenumber, is the vibrational displacement amplitude, is the order Bessel function of the first kind, and the RF carrier power is normalized to unity. The amplitude of the -th order modulation tone, spaced from the RF carrier frequency, is (3) 1531-1309 © 2013 IEEE where is the RF wavelength. Thus, the amplitude of modulation tones from low-level vibration is proportional to . For sensitive vibration detection, especially of buried targets, and the amplitude of tones other than the tones will be negligible.
B. Architecture
The detection of Doppler modulation tones, as described in the previous section, is dependent on the ability of the radar to resolve tones at frequencies very close to the frequency of the RF probing tone. The measure of this ability is known as the dynamic range and is defined as the power ratio of the large interfering signal to the smallest discernible signal. To improve system dynamic range, the probing tone needs to be removed in the receiver. Filters do not provide a sufficiently high quality factor ( ) to remove the high power RF probing tone without also attenuating the modulation tones. Here, instead, feedforward analog cancellation [9] , [11] is used to build a high-dynamic-range vibration detector, as shown in Fig. 1 . The probing tone is coupled onto a feedforward path, then recombined with the signal received from the target. The amplitude and phase of the feedforward signal are controlled automatically using a vector modulator to produce a signal that cancels the unmodulated component of the received signal. Often the largest source of the unmodulated component is the direct coupling of the transmit and receive antennas. The automated cancellation procedure uses a non-iterative algorithm and automated in-line calibration to efficiently obtain high levels of cancellation and extended dynamic range [9] . Up to 147 dB of dynamic range has been reported by us for a single-frequency stimulus tone [12] . The system dynamic range is translated into a theoretical minimum detectable vibration in the next subsection.
C. Range Considerations
Doppler modulation is expected to dominate the received modulated signal, with the carrier-normalized amplitude spectrum given by (3). The received signal will be further attenuated as described by the radar equation [13] , so that the power of the received signal is (4) where is the transmitted signal power, and are the gains of the transmit and receive antennas, is the radar cross- section, and and are the distances between the reflector and the transmit and receive antennas, respectively. Combining (3) and (4) and setting , the expected received power of the -th Doppler tone is (5) Using the small vibration approximation (i.e., ), the power of the first-order Doppler tone is (6) Defining the dynamic range of the measurement system as the ratio of the transmitted power to the minimum detectable received tone, , the minimum resolvable vibration amplitude using the first-order Doppler tone is (7) For a system with 140 dB dynamic range, as reported in [12] , and normalizing for simplicity, the minimum detectable vibration amplitude at 2 m standoff is 2. 8 . With high-gain antennas, higher dynamic range, and small standoffs, the minimum vibration level will be even lower. It may be noted that RF wavelength was explicitly canceled out in deriving (7), suggesting frequency-independance of the detection limit, however quantities within (7), e.g., dynamic range and antenna gain, are generally weakly dependent on RF frequency. The result derived for may be considered a fundamental limit for the minimum detectable vibrations based on standoff distance ( ) and system capability ( ).
III. MEASUREMENT
The performance of the vibration detection system is illustrated using a 30.5 cm 10.2 cm 0.95 cm rectangular aluminum plate vibrated using a linear resonant actuator (Precision Microdrives C10-100). The actuator was driven at its res- Fig. 3 . Measured first-order modulation tone power for a vibrating flat rectangular plate buried in sand. The independent axis represents the LDV-measured displacement for the same actuator drive power with the freely hanging plate. The theoretical curve (based on (5)) is normalized to match the measured RF amplitude.
onant vibration frequency, 172 Hz, and the vibration amplitude of the plate was varied by varying the actuator drive signal. The vibrating plate was hung horizontally, and supported by two looped threads, roughly 2 cm from each end of the plate. A laser Doppler vibrometer (LDV) was used to measure the displacement of the plate. The LDV-measured displacement amplitude was observed to be approximately uniform across the face of the plate. The plate was probed with a 1 W, 900 MHz RF tone at 2 m standoff, and the first-order modulation tones were measured in the reflected received signal with an approximate dynamic range of 160 dB. A plot of the measured modulation tone power versus plate displacement amplitude is shown in Fig. 2 along with predicted results using (5) . There is a small discrepancy between the measured and predicted responses at the low end where the measured RF tones are near the noise floor of the system and at the high end where the actuator drive begins to compress and the plate vibrations become nonlinear. The smallest displacement detected was 11 nm as measured by the LDV, where the measured Doppler tone power is approximately at the noise floor of the system. This displacement is significantly smaller than the value calculated in Section II-C due to increased dynamic range and the use of antennas with moderate gain. A key limitation of the theoretical prediction is the assumption of no multi-path or other interfering effects, which cannot be removed in many real situations. These effects can be appreciable even in an anechoic chamber because of the extreme dynamic range being considered.
The experiment was repeated with the vibrating plate buried in a bucket of sand, with approximately 13 cm of sand between the plate and the antennas, still at 2 m standoff. The measured results are shown in Fig. 3 . The sand physically dampens the vibration amplitude, reducing the measured Doppler tone power. Penetrating sand, instead of air, attenuates the RF signal slightly, however a majority of the decrease in modulation tone power can be assumed to be from dampening of the plate vibration.
Since the LDV cannot penetrate sand, the actual vibration displacement amplitude of the plate could not be measured. Thus, the independent axis of Fig. 3 refers to the displacement amplitude measured for the same actuator drive signal level with the freely hanging plate. The theoretical curve is a much poorer match, since the displacement amplitude used for prediction is not accurate.
IV. CONCLUSION
Very sensitive vibration measurements were demonstrated in this letter at lower levels than obtained with other RF sensing techniques, without sacrificing significant standoff distance from the target. A prototype of a vibration detection architecture based on analog cancellation for enhanced dynamic range was presented and shown to be able to detect vibrations as small as 11 nm. The new vibration detection system operates at much lower frequencies than previous radar vibrometers, enabling ground-penetrating capability as shown by detecting vibrations of a plate buried in sand. The theoretical minimum detectable vibration amplitude of the system was shown to be a function of standoff distance and dynamic range and only indirectly dependent on RF wavelength.
